Singlet fission is the spin-allowed conversion of a spin-singlet exciton into a pair of spintriplet excitons residing on neighbouring molecules. To rationalise this phenomenon, a multiexcitonic spin-zero triplet-pair state has been hypothesised as an intermediate in singlet fission. However, the nature of the intermediate states and the underlying mechanism of ultrafast fission have not been elucidated experimentally. Here, we study a series of pentacene derivatives using ultrafast 2D electronic spectroscopy and unravel the origin of the states involved in fission. Our data reveal the crucial role of vibrational degrees of freedom coupled to electronic excitations that facilitate the mixing of multiexcitonic states with singlet excitons.
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spectra, shown in Figure 1c , indicate substantial differences in the energy of singlet states.
Based on the absorption data, the lowest singlet state lies at 1.75 eV for TIPS, 1.83 eV for pentacene and 1.86 eV for DTP. The energy of the triplet state is however not expected to differ for these systems, since the triplet is localised on the aromatic core of a single pentacene molecule. 40 This energy has previously been measured to be 0.86 eV and the energies of the double-triplet TT state for all the systems are therefore expected to lie around 1.72 eV. 24 ! Figure   1c also shows the spectrum of the 15-fs laser pulse used in the experiments. The spectrum is broad enough to cover the regions of singlet absorption for all the pentacene derivatives and the spectral region corresponding to the predicted energy of the TT state. Figure 2 presents three time frames showing the evolution of the real part of the 2DES spectra for a polycrystalline pentacene film (for an evolution of 2D spectra with time see Supplementary Video S1). The sample was tilted by ~50 degrees with respect to the incident beam to enhance the response of the triplet component, as has been previously discussed. 41 "The 2D spectra are dominated by a large positive peak on the diagonal at 1.83 eV, which corresponds to ground-state bleach (GSB) of the main singlet transition g-S and at short times (<90 fs) also includes a contribution from stimulated emission (SE) from the singlet exciton. 42 At 30 fs, a photoinduced absorption (PIA) feature, seen as negative peak at 1.85 eV probe energy, is present. We assign this feature to the excite-state absorption (ESA) of singlet excitons S-S n in agreement with previous pump-probe measurements. 41 At longer waiting times, this ESA is lost as singlets undergo fission and two new PIA features at 1.70 eV and 1.88 eV probe energy appear. These new peaks are assigned to the transition from the lowest triplet state T to the higher lying T 2 and T 3 states respectively. 42 Importantly, no feature is observed at excitation energy of 1.72 eV where the TT state is predicted to be. The signal is close to zero at all evolution delay times, which indicates that negligible response cannot be a result of interference between singlet and triplet contribution. This confirms that the TT state has negligible (much smaller than S) transition dipole. The spectra for TIPS and DTP are very similar with the singlet peak shifted in agreement with the absorption spectra (Supplementary Figures S12 and S13).
To confirm the identification of different contributions to the signal and to determine the interconversion rates between different electronic states we de-convolute the 3D (ω ex , ω pr , T evolution ) data matrix into 2D decay-associated spectra. For pentacene, the analysis reveals three components with the characteristic time scales of 14 fs, 83 fs, and >>1 ps (Supplementary Figure S14 ). The fastest timescale corresponds to pulse overlap situation and is assigned to the 5" " coherent artefact. The spectral configuration of the long-lived component match the spectra of triplet previously observed in pump-probe measurements. 42 "Finally, the spectra and decay time of the 83 fs component reflect the singlet to triplet conversion (S and T response difference) and are in excellent agreement with previous pump-probe studies, which assign the observed 83-fs time constant to SF rate. 41 "Kinetics for TIPS and DTP are very similar with SF rates of 100 fs and 130 fs. Figure 3a shows the representative kinetics of the real part of the 2D spectra of pentacene ( Figure 2 ), corresponding to (i) g-S GSB/SE, (ii) T-T 2 ESA, and (iii) at ω ex =ω pr =1.72 eV which is the expected position of g-TT GSB. The red curve represents a global fit to the data using the three components described above. The model reproduces the data well, except for the oscillations which can be clearly seen in all three traces. The oscillations are found to be present even at (1.72 eV, 1.72 eV). At this position the average population is negligible and the signal beats around zero. The frequency of the oscillations does not match an energy difference between electronic states, indicating that these oscillations do not arise from purely electronic coherence. Alternately, the beatings could be caused by shortpulse induced superposition of vibronic states in the electronic ground or excited states manifolds and carry information about the coupled electron-nuclear dynamics.
The beatings seen in Figure 3a are long-lived, lasting over 1500 fs, which suggests that they are likely to originate from the vibrational dynamics, 32, 33, 43 as electronic dephasing times in molecular systems are typically less than 100 fs at room temperature. 44 " To explore this further, we Fourier transform (FT), along the T evolution axis, the residual obtained by subtracting the global fit (red curves) from the experimental data (blue curve). The FT spectra obtained for pentacene, TIPS and DTP (Figure 3b , blue curves) show a clear structure with up to ten peaks having a bandwidth of <20 cm -1 . The red curves in Figure 3b present steady state resonant Raman measurements for each material. All the peaks in the FT spectra are found to correlate well with the modes observed in the Raman measurements. Additionally, the shape and amplitude of the FT spectra do not change dramatically in time for any of the three materials.
Crucially, there are no features in the FT spectra that could correspond to the energy difference between S and TT, 0.11 eV = 890 cm -1 . Hence, there is no evidence for long-lasting electronic coherence between S and TT mediating the singlet fission process. Thus, the comparison between the FT of the oscillatory part of 2DES response and the Raman spectra gives a strong indication of the vibronic origin of the beatings observed.
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The high quality of the experimental data allows us further analyse the detected beatings and achieve additional insight into excited-and ground-state vibronic dynamics. For this, we chose the most pronounces vibrational modes (shown in fig. 3b ) and, for each of them, plot a 2D map of the amplitude of the oscillatory component of the response, as a function of excitation and probe frequency(ω ex and ω pr ). This yields the 2D 'beating-maps' 32 " that are shown in Figure 4 for 265 cm -1 , 605 cm -1 , 1170 cm -1 , 1360 cm -1 (0.032eV, 0.075eV, 0.145eV, 0.169eV) vibrational modes observed in the FT and resonance Raman spectra of pentacene film ( Figure 3b ). Similar maps for TIPS and DTP are presented in the Supplementary Figure   S15 .
For all the 2D beating maps presented in Figure 4 an intense peak is found in the 'diagonal' region of ω ex =ω pr =ω S = 1.83 eV , which corresponds to the lowest singlet exciton level. In addition, multiple off-diagonal peaks are observed at ω ex = 1.83 eV. As shown by the arrows in Figure 4 , these peaks are displaced from the diagonal peak along the probe axis roughly by the energy corresponding to the vibrational mode considered in the beating map. 32, 33 For example, in the 605 cm -1 (Figure 4b ) beating map peaks can be seen at probe frequency ω pr =ω S -605 cm -1 while the 1170 cm -1 beating map shows a peak at ω pr =ω S -1170 cm -1 (figure 4c). These and additional peaks that occur below and to the right of the diagonal (dashed line in figures) are caused by the coupling of vibrational modes to an electronic transition. The exact shape of the beating pattern is complex and different for the rephasing and non-rephasing parts of 2DES response. However, our observation of beating peaks for ω ex >=ω S (1.83 eV) can be described within the theoretical framework considering vibrations coupled to a single electronic state. 32, 33, 43 The above described peak pattern for ω ex >=ω S (1.83 eV) is associated with the GSB signal and, as such, predominantly reflects the coherent vibrational dynamics in the groundstate. 33 "However, the beating maps in figure 4 clearly contain more peaks, especially for the high-frequency 1170 cm -1 and 1360 cm -1 oscillatory modes. Most of these additional peaks are located at the excitation frequency ω ex~ 1.72 eV which is below the singlet transition and therefore cannot be described by GSB signals and ground-state coherences from the singlet vibrational manifold. However, this energy coincides with the expected position of the TT state, suggesting that the additional peaks could be associated with transitions from the ground to multiexciton state. Such a transition would have a transition dipole much smaller than that of the singlet excitation, making it indistinguishable in the linear absorption spectrum, where it 7" " would be obscured in the tail of the S absorption feature. However, as the intensities of the peaks in beating maps are determined by four different interactions with the field, 43 "even if one of the transition dipoles is very low (i.e. a 'dark' transition), the product of interactions and the intensity of the beating peak can be significant. In essence, the vibrational dynamics presented in beating maps may reveal transitions normally hidden in linear absorption or smeared out in the measurements addressing population dynamics. 32,"33,"35 To unravel the rich data provided by the beating maps, on the coupling between electronic states and vibrational modes, we construct a model that explains, qualitatively and quantitatively, all the features observed in the beating maps, and reproduces the experimental 2DES dataset. Here we will qualitatively describe the model while a detailed quantitative picture is presented in part S.1 of The Supplementary Information . First of all, the involvement of the TT state in the formation of beating pattern implies that coherent superpositions of TT and some other states, displaced by certain vibrational frequencies, are being excited. These other states can be assigned to the vibronic multiexciton manifold (TT') ( Figure 1 ). Importantly, some states within this manifold have energy close to that of the singlet; for pentacene these states are TT' 1170 and TT' 1360 , which lie at TT+1170 cm -1 and TT+1360 cm 1 respectively ( Figure 1a ). This allows for partial mixing of the singlet and multiexcitons TT' even by means of modest electronic coupling (248 cm -1 ). Such mixing may not substantially alter TT' 1170 and TT' 1360 energies, but it may make those states 'bright' and observable in the beating spectra. rephasing/non-rephasing beating maps using the assumptions discussed above. Optical transitions occur between four electronic states: the ground state g, the lowest singlet S, multiexciton TT, and TT 3 -an excited multiexciton state formed via the T-T 3 transition for one of the triplets, which is known to lie at 2.38 eV for pentacene. We also consider the vibrationally hot ground g' and mulitexciton TT' states. Figure 5b depicts the four-wavemixing pathways where a superposition of states is created after the first two interactions and mark the corresponding peak positions in the beating maps. Finally, we consider the initial thermal population of vibrationaly excited ground states g' negligible.
Within the above framework, we can describe all the peaks in Figure 5a . Peaks 1-2 are due to the ground-state vibrational coherence and GSB of S state. Peaks 3-4 correspond to creating a coherent superposition in the excited state, between TT and TT' (mixed with S), which is observed through the transition to a higher-lying TT 3 state. As seen from the diagrams, at least three out of four interactions involve bright states; this makes the total amplitude of the 8" " beating peaks significant. Thus, the proposed qualitative model accurately explains the peaks in the beating maps, providing strong evidence that our observations reveal a vibronic manifold of mixed S-multiexcitonic states. This interpretation is supported by the appearance of additional peaks 3,4 only for highfrequency vibrations. As shown in Figure 1a the TT, TT' 265 or TT' 605 states are energetically much further from S than TT' 1170 and TT' 1360 , which prohibit them from 'borrowing' the oscillator strength and keeps them dark. This leads to the disappearance of peaks 3-4 from 265 cm -1 and 605 cm -1 beating patterns as observed in figure 4 . Consistent with the above interpretation, figure 5c shows that in the case of TIPS (but not DTP) the 3-4 beating features appear for the lower 265 cm -1 vibrational mode, as the smaller gap between S and TT brings the TT' 265 mode almost in resonance with the TIPS singlet exciton ( fig.1a ).
To confirm the assignment of the observed coherences to the singlet-multiexciton mixed excited states and support the proposed interpretation, we have undertaken a set of complementary experiments and analysis, developed to identify the nature of coherent states.
While detailed results and discussions can be found in Supplementary Information parts S.2.7-S.2.9, here we summarise the main findings. A phase analysis 45 of the beatings confirms the excited-state nature of peaks 3 and 4 and the ground-state origin of peaks 1 and 2. Polarisationselective measurements 46 reveal that the beating features 3 and 4 for high-frequency vibrations are associated with mixed electronic states, e.g. singlet-multiexciton mixtures. Finally, complimentary 2D measurements in a different spectral range, 2-2.4 eV, support the assignment of ESA features and confirm the existence of long-lived excited state coherence, coming from the mixed vibronic states.
Discussion
To quantitatively extend the analysis, we construct a vibronic model of the observed SF dynamics. This model can quantitatively reproduce the 2D photon-echo data, including the beating map patterns. Importantly, the same set of parameters capture the vibronic level structure, the spectroscopic observables and the ultrafast dynamics of the SF process. The model consists of three Raman active modes (265 cm -1 , 1170 cm -1 , and 1360 cm -1 with Huang-Rhys factors 0.7, 0.6 and 0.75 respectively) and two coupled electronic states. One of the electronic states is assumed to be optically bright and represents the S singlet electronic excitation coupled to the Raman modes. The second electronic state is chosen as optically dark and represents the multiexciton state. The electronic coupling between singlet and multiexciton 9" " manifolds employed in the model (248 cm -1 = 0.031eV) is small compared to the energy difference between the S and TT states (~900cm -1 = 0.11eV). To adequately model the spectroscopic response, the electronic ground state as well as a higher-lying electronic state (ESA occurs to this state) with their vibrational manifolds are explicitly considered as well, although they do not have any impact on the excited-state dynamics relevant for the fission process. We also introduce a weak linear coupling to a harmonic bath, as described within the multilevel Redfield approach. 47 "Full details of the model can be found in the Supplementary Information parts S.1.1-6.
Using the above parameters we modelled the structure of the vibronic manifold, 2DES beating maps, and the population kinetics for the excited states during SF in pentacene. Partial mixing of S and TT vibronic manifolds leads to the formation of a dense manifold of 16 new eigenstates (figure 6a). The lowest four possess mostly (95%) multiexciton contribution, the fifth lowest state is dominantly singlet, and higher-lying states have a more mixed character.
The dipole moments of these states vary significantly, however even the lowest state (close to diabatic TT) is not completely dark. The calculated oscillator strength agree well with the absorption spectrum of pentacene (figure 6b), indicating that the 'dominantly-multiexcitonic' absorption feature is likely to be present, but hidden under the broad and intense 'dominantly- Interestingly, due to the mixed character of the initially photoexcited states, the total multiexcitonic (dark) population 12 fs (pulse duration) after excitation is significant, which is in good agreement with the near instantaneous rise of a triplet feature observed by Zhu and co-workers using time-resolved photoemission measurements. 25, 48 However, as described above, we attribute this signal to the mixed electronic characters of the vibronic eigenstates, rather than to strong electronic coupling between the singlet and a single degenerate The crucial role of the vibronic-manifold of states for fast and efficient SF reveals the general importance of nuclear degrees of freedom for the optoelectronic properties of organic 10" " materials. In contrast to the classical inorganic semiconductors, molecular systems suffer from weak intermolecular interactions and high disorder, which prevents the formation of delocalised all-electronic band states. However, coupling of the electronic system to multiple intramolecular vibrational modes creates vibronic manifolds with a high density of states.
These dense manifolds can facilitate efficient coupling between different molecules (or intramolecular states) even when only weak interactions are present. Indeed, coherent vibronic phenomena has recently been proposed to be crucial to electronic processes in organic photovoltaics 49 and natural photosynthetic systems. 50
In conclusion, using 2DES, we observed a manifold of mixed singlet/multiexcitonic states mediating ultrafast SF in pentacene and its derivatives. Our observations and modelling indicate that overlap and mixing of the vibronic manifolds of singlet exciton and multiexcitonic state play a key role in ultrafast dynamics of SF. In particular, the presence of these mixed states means that strong electronic couplings, exceeding the energy difference between the singlet and the multiexcitonic state, are not required to allow for sub 100 fs conversion between singlet and triplet states. Our data not only provide firm experimental evidence of the importance of vibronic coupling and mixed intermediate states in the fission process, but may also serve as the basis for future theoretical models of the photophysics of a broad class of organic chromophores that could allow such mixed states.
Methods:

2D spectroscopy:
A solid state KGW amplified laser system (Pharos, Light Conversion) pumped a homemade NOPA producing 14-fs pulses centered at 14500 cm -1 (FWHM 1800 cm -1 ). Pharos operated at 200 kHz and an internal pulse picker was used to reduce the repetition rate to 20 kHz. Each pulse was split into four by a beamsplitter and a transmissive diffractive grating. The population delay between pulses 2 and 3 was set by a conventional optical delay line and the coherence delay between pulses 1 and 2 was set by inserting variable amount of fused silica in their optical paths. One beam, serving as the local oscillator (LO), was further attenuated by an OD 3 neutral density filter, and all four pulses were focused in boxcar geometry on a single spot at the sample.
Photon echo type signal is emitted into the phase matching direction coinciding with the direction of LO, and spectral interference between them is detected by the combination of the spectrometer and CCD camera. Two of the excitation pulses were modulated by 11" " optomechanical choppers operating at different frequencies. Lock-in detection on the sum and difference frequency was used to discriminate the signal against scattered light. During the experiments the time delay between the first two pulses (coherence time) was scanned from -200 fs to 200 fs with the 2 fs steps. The absorption spectrum of the sample was controlled during the measurement by monitoring the spectrum of LO passing through the sample. No changes were observed during the experiments, therefore indicating that the sample was stable during the measurements.
Raman spectroscopy
Stokes-shifted Raman spectra of pentacene and derivatives films were recorded using a Horiba 
Excited-state dynamics and 2D spectra calculations:
The dynamics simulations have been performed in the eigenstate basis of the model Hamiltonian using multi-level Redfield approach, the interaction with the excitation pulse of 13 fs duration (Gaussian envelope) has been explicitly included (linear dipole approximation).
Bilinear interaction with an Ohmic harmonic bath has been assumed. The eigenstates have been used to calculate the response functions corresponding to the 2DES signal in the stick-spectrum limit. To obtain finite line widths, Lorentzian lineshapes have been employed, with dephasing rates estimated from Redfield dynamics. All pathways involving transitions where the energy difference between the states falls outside of the laser spectrum were excluded. A detailed discussion of theoretical methods and parameters is given in Supplementary Information S1.
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Spectra of evolution-time oscillations observed in 2DES data integrated over complete 2D
spectra compared to the resonance Raman spectra of the films of pentacene and its derivatives. 16 " " 
S.1 Theory
S.1.1 Coherences in the beating maps
Excitation of the Raman-active modes has a large impact on the coherent signatures in the signals. On the one hand, these modes can influence and even drive ultrafast fission dynamics in the photo-excited state, on the other hand they lead to a significant GSB contribution (ground-state coherence) to the recorded beating maps. Below we introduce a model which allows us to rationalise the peaks observed at the excitation frequency of about 14800cm 1 (1.83 eV) in all beating maps as a strong GSB contribution, while the peaks resolved at lower excitation frequencies of around 13580cm 1 (1.72 eV) are shown to originate from excited state coherences and cannot be explained by GSB. The excitation frequency of 1.72 eV corresponds to the location of the dark multiexcitonic state, and the created excited-state coherence enables its spectroscopic detection in the beating maps.
To better understand how the Raman modes help to resolve the multiexcitonic state as well as the role of vibronic e↵ects in singlet fission, we construct a model that includes three Raman active modes of frequencies 265cm 1 , 1170cm 1 and 1360cm 1 . In the following, we first introduce the model and discuss its ultrafast coherent dynamics following laser excitation, and then report and explain the beating maps it produces.
S.1.2 Vibronic model for singlet fission
The only attempt to account for vibrational degrees of freedom in singlet fission is reported in Refs. [1, 2] , where time-dependent populations of electronic states weakly coupled to a harmonic bath are presented. Here a strong coupling between the electronic and vibrational degrees of freedom is in focus, and the vibrational modes are treated explicitly.
Our choice of the relevant Raman modes is motivated by experimental observations. As for the electronic basis, we adopt a minimal description that includes only two nonradiatively coupled states, one singlet state and the so-called multiexciton triplet state. The singlet state, |S 1 i, is already delocalised (i.e., it is a superposition of singlet excitations on several coupled pentacene molecules). This optically bright state is a singly excited state and the lowest in energy as compared to other delocalised singlets. The multiexciton triplet state, |T T i, corresponds to an entangled superposition of two triplet excitations with opposite spins, correlated such that they form a spin-singlet pair (the total spin is zero). This state, although spin-allowed, is optically dark due to its doubly excited (2-electron) character. In order to enable a radiationless transition between the two electronic states, an interstate coupling J is introduced.
There has been considerable e↵ort to theoretically characterize singlet fission in pentacene in terms of electronic structure [3, 4, 5, 6] . The nature of the coupling between the singlet and multiexciton triplet excitations has been widely discussed [7, 8, 1, 9, 10, 11, 12, 3, 13, 14, 15, 4, 5, 6] , and proposed mechanisms include the 'direct' two-body coulomb coupling [12, 14] and the presence of an intermediate double triplet state which is degenerate with the singlet exciton [9, 16, 10] . Recent studies indicate that the 'indirect' coupling, mediated by the mixing of the singlet and triplet excitations with charge-transfer (CT) excitons dominates the coupling, leading to reported values in the range 200 900cm 1 [7, 8, 1, 3] . There is some debate over the energies of the CT states and whether they participate as actual intermediates in the SF process, or as virtual states that mediate e↵ective coupling of S 1 and T T via a type of 'super-exchange' [7, 8, 1, 11, 12, 3] . Here, we rather assume the latter view and believe that the sole e↵ect of CT states is to generate a highly conservative coupling of J = 248 cm 1 between S 1 and T T states (whose implicit, partial CT character will not be explicity referenced in the following).
To simulate the 2D PE signal, we also need to include the electronic ground states, |S 0 i, as well as a higher lying state to account for ESA. The experimentally determined transition energy of the ESA process corresponds to the |T i ! |T n i transition of pentacene. We thus denote the higher-lying state as |T T n i and believe that this state represents a superposition of one single triplet excitation (! |T i) and one double triplet excitation (! |T i ! |T n i). Optical transitions are possible, therefore, between |S 0 i and |S 1 i states, as well as between |T T i and |T T n i. The interaction with the light field is given, in the electric dipole approximation, by H int = µE(t) where E(t) is the time-dependent electric field of the applied pulse sequence and µ is the electric transition dipole operator. In the introduced electronic basis the dipole operator reads
where the transition dipoles moments for S 0 ! S 1 and T T ! T T n are denoted by µ S0S1 and µ T T,T Tn , respectively. Following experimental and theoretical studies of the strong triplet excited state absorption, we take µ T T,T Tn = 2.5µ S0S1 [17, 18] .
The system Hamiltonian reads H = X i2{S0,S1,T T,T Tn}
where ✏ i denote the vertical excitation energies (zero in the ground state), and the vibrational Hamiltonians pertaining to each electronic state, h i , are assumed to be harmonic and given by
The coupling of each mode to the excited electronic states is quantified by the dimensionless displacement with respect to the ground-state geometry, i k ( S0 k ⌘ 0). For the |S 1 i state, we make use of the values obtained by Gisslen et al. using density functional theory ( S1 1 = 0.7, S1 2 = 0.6, S1 3 = 0.75) [19] . No information on the geometry of the |T T i and |T T n i states is -to our knowledge -available in the literature. In the following simulations, we chose T T k = 0 and T Tn k = S1 k . This choice is motivated by experimental observations, since it results in a very good agreement between the simulated and experimental beating maps (see subsection S.1.4 below).
Diagonalising the system Hamiltonian, Eq. (S.2), to obtain the eigenstates | n i of energy E n , we vary the vertical energies of the electronic states so that the lowest energy eigenstate corresponds to the measured excitation energy of the |T T i state (1.72 eV) and the first strongly absorbing state, as quantified by the transition dipole moment from the ground state (vide infra), matches the measured singlet exciton energy (1.83 eV). This results in ✏ S1 = 15412cm 1 and ✏ T T = 13910cm 1 . To fit the 2D spectra, we take ✏ T Tn = 29478cm 1 .
The eigenstates of the Hamiltonian (S.2) can be divided into three distinct manifolds. The ground state manifold |gi consisting of the vibrational states, as well as a higher excited manifold, |f i, which represents the vibrational (vibronic) manifold of the |T T n i state, are not influenced by the coupling J. These two manifolds are introduced to account for spectroscopic transitions relevant for the 2D signal, they are not immediately involved in the fission process. The crucial manifold for the ultrafast excited-state dynamics is the excited manifold |ei: its states are superpositions of the excited electronic basis states, namely the |S 1 i and |T T i states and their vibrational excitations, see Supplementary Fig. S1 . They can be directly excited from the ground state by the laser (the |f i-states can only be excited from |ei, i.e. not directly from the ground state). Note that due to |S 1 i contributions, all transitions from the initial state to the eigenstates of |ei are optically allowed, although only states with a significant |S 1 i superposition weight have appreciable transition dipole moments to the ground state. This is illustrated in Supplementary Fig. S2a , which shows the computed transition dipole moments for excitation from the electronic and vibrational ground state of the relevant lowest energy eigenstates in |ei as a function of excitation energy (eigenstates are numbered upwards from the lowest energy state) and the fraction of |S 1 i contributing to each eigenstate.
The strongest transition corresponds to eigenstate 5, which has 86% singlet character and occurs at the energy of the dominant absorption features in the 2D spectra (14750 cm 1 , 1.83 eV). The lowest energy state, state 1, which has over 95% |T T i character, has a dipole moment approximately three times smaller. This "borrowed" dipole moment arises from the weak electronic admixture of the bright |S 1 i state in this eigenstate. Note that less than 5% of the |S 1 i character happens to be enough to detect the transition in the beating maps, while it is too low for detection by linear techniques: the relation between the transition intensities of the states 1 and 5 is 1:10 in the linear absorption spectrum, leaving the lowest state completely obscured in the tail of the much brighter transitions. However, as discussed in the main text and as shown below, non-linear signals involving this weak dipole moment in conjunction with stronger processes, notably the excited state absorption |T T i ! |T T n i, allow for their detection in the 2D beating maps.
Supplementary Figure S2b shows the same quantities as Supplementary Fig. S2a with zero electronic coupling. Comparing these figures at energies above the main singlet transition, we see that the simple vibrational progression of the uncoupled singlet states (corresponding to sidebands of the 265cm 1 mode in this energy range) becomes significantly distorted in the presence of coupling. In particular, eigenstates which contain appreciable contributions from the vibrationally excited |T T i states with one vibrational quantum in either the 1170cm 1 and 1360cm 1 modes (eigenstates 8 and 11, respectively), exhibit an e cient dipole borrowing. Note that the energy of these states is distorted only slightly as compared to the nonperturbed case J = 0.
S.1.3 Ultrafast excited state dynamics
Before turning to the simulations of the 2D beating maps, let us briefly discuss the ultrafast dynamics of the introduced model following a laser excitation by a pulse with a Gaussian time envelope of 13 fs duration at FWHM and carrier frequency of 1.8 eV. In order to be able to describe the fast and irreversible decay of the singlet state (the experimentally estimated decay rate is about 80 fs), we extend the model and introduce a weak linear coupling to a harmonic bath described within multilevel Redfield approach [20] . The bath is characterized by the Ohmic spectral function J(!) = ⌘ exp( !/! c ) with ⌘ = 0.3 and ! c = 800 cm 1 and couples to the vibrational modes in our model as described in [20] .Simulations were carried out at room temperature with the system initially in the electronic ground state and a thermal equilibirum distribution of vibrational states. Supplementary Figure S3 shows the population of the optically bright |S 1 i electronic state. The chosen relaxation parameters lead to the decay of the population at the experimentally observed timescale. Weak oscillations indicate that coherent motion has been created in the excited state. Which state pairs contribute mostly to the observed coherences is represented in Supplementary Fig. S4 . Interestingly, these are mostly states with a significant contribution from the dark |T T i state. The interaction (mixing) between the |S 1 i and |T T i states results in nonzero dipole moments between the initial state and the eigenstates which have a strong |T T i component (states 1-4, 6, 8, 9, 11 in Supplementary Fig. S2 ). The most pronounced coherence is observed between the lowest excited eigenstate (state 1, which has 95% contribution from the vibrationally ground state of the |T T i state) and the eigenstates 2, 8 and 11. These states have strong contributions from the vibrationally excited |T T i states: one vibrational quantum in 265 cm 1 (95% of state 2), in 1170 cm 1 mode (68% of state 8), and in the 1360 cm 1 mode (65% of state 11). Although all the three coherences have very similar amplitudes and characteristic dephasing timescales, the high-frequency oscillations shall be better resolved spectroscopically due to a larger admixture of the |S 1 i state to states 8 and 11, and, therefore, stronger dipoles (cf. Supplementary Fig. S2 ).
The most pronounced and long-lived coherences are, therefore, between the states dominated by the same electronic character (T T ) and predominantly of vibrational origin.
The population dynamics of the eigenstates are shown in Supplementary Fig. S5 . The three lowest states dominated by the |T T i character are shown by black lines. The population of the state with the strongest dipole transition from the initial state, state 5, is shown in red and essentially tracks the decay of the main singlet exciton from which fission proceeds. The fission dynamics are dominated by the population transfer from state 5 to the three lowest states. The populations of states 8 and 11 (blue and green lines, respectively), which contribute to the excited-state coherence detected in the maps of 1170 cm 1 and 1360 cm 1 modes, decay more slowly.
Interestingly, the observed eigenstate population dynamics of the model system allows us to propose an alternative interpretation of the near-instantanous 'hot' triplet signal observed by Chan et al. in the timeresolved two-photon photoemission studies of singlet fission in pentacene [9] . This signal was assigned by Chan et al. to a dark multiexciton state which was degenerate with the lowest enegy singlet transition and very strongly coupled to it [9, 10] . Subsequent dephasing and relaxation processes, leading to the formation of free triplet pairs, were proposed as the origin of the shift (cooling) of the triplet signal to lower energies (by 0.11eV) with a time constant of ⇡ 200 fs. Our studies indicate that states 8 (76%|T T i) and 11 (84%|T T i) rise almost at the same rate as the main optical transition (state 5). These states of essentially vibrationally excited triplet character have energies close to the main optical transition (200 500cm 1 maximum di↵erence) and decay with relaxation rates which are significantly slower than the overall 80 fs fission rate ( ⇡ 180 fs). We note that the decrease of the average energy of the triplet states orginating from these transitions is likely to be even slower, as relaxation may proceed through other, lower frequency, vibrational states on the way down to the lowest energy eigenstate. Putting these observations together, a possible interpretation of the results of [9] is sketched in Supplementary Fig. S5 . Finally, we reiterate that in our model this process occurs alongside the ultrafast, direct decay of the main optical transition into the lower energy |T T i-like states (1 3) via environment-mediated dissipation, perhaps providing some insight into the range of fission timescales obtained in di↵erent types of experiment. Note also, that our interpretation suggests that the coupling to the multiexcitonic state (J) does not need to be strong once vibrational motion is accounted for.
S.1.4 Simulation of Beating Maps
In the limit of infinitely short laser pulses and within a perturbative description of the light-matter interaction, any four-wave mixing signal, and photon echo in particular, can be expressed in terms of the third-order response functions [21] . The response functions can be conveniently decomposed into three physical processes, the ground state bleach (GSB), stimulated emission (SE) and excited state absorption (ESA), and schematically represented in terms of double-sided Feynman diagrams, as shown in Supplementary Fig. S6 . So called rephasing and non-rephasing diagrams di↵er in the ordering of the first two laser pulses which define the coherence time. While conventional 2D photon echo signal implies Fourier transforming over the coherence time ⌧ and rephasing time t, the beating maps are obtained by taking an additional Fourier transform over evolution time T .
The explicit form of the response functions is determined by the system's optical excitations and their dynamics in ⌧, T , and t. In the absence of dissipative processes, the response functions are completely determined by the system's eigenstate structure and the transition dipole strengths between the individual levels. In the following we work in this so called stick-spectrum limit and exploit the Feynman diagram representation to simulate the beating maps, by calculating all possible Feynman diagrams which contribute to a given beating map.
We use simple Lorentzian lineshapes to account for the dephasing and relaxation rates, respectively of intereigenstate coherences and eigenstate populations during the ⌧, T &t times. These are estimated from our earlier dissipative Redfield dynamics (e↵ective rates are used in the Markovian limit assumed here). No additional e↵ects due to population or coherence transfer are considered, although they are both present in the more advanced simulations of the dynamics in subsection S.1.3. In our simulations, all pathways involving transitions where the energy di↵erence between the states falls outside of the laser spectrum were filtered out of the theoretical signal. For this filtering, a top-hat approximation to the power spectrum between 12950 ! 15800cm 1 was employed. As a post-processing step, a Gaussian convolution is uniformly applied to the beating maps with a standard deviation of 75cm 1 , as a first and very simple approximation to the e↵ect of static disorder (no other account is taken of inhomogeneous broadening and the related dynamical dephasing in T ). With these approximations, our chosen method is not suited for the reproduction of subtle, highly transient and non-Markovian evolution of the spectra, where an advanced treatment of the open-system dynamics would be required. Fortunately, the striking features of the experimental beating maps are the positions of the peaks at each frequency and the stark di↵erences between the rephasing and non-rephasing map patterns; as we now show, these are well described and explained by this simplified treatment. 
SE
S.1.5 Beating Maps
In Supplementary Fig. S7 experimental and simulated beating maps of the oscillations with frequencies 265 cm 1 , 1170 cm 1 and 1360 cm 1 are compared. The qualitative agreement with the experimental data is very good in terms of peak positions and relative intensities, and we reproduce the change in peak patterns between rephasing and non-rephasing maps with a single parameter set and close agreement with a recent set of general rules for 2D spectra given in Ref. [22] . We now discuss the main interrelations between the eigenstate spectrum and coherent dynamics described in subsections 1.2 and 1.3 and the structure seen in the beating maps.
The maps are dominated by essentially two contributions: GSB and ESA (the third, SE contribution to the oscillatory signal component is negligible due to the very short life time of the S 1 state). The GSB contribution represents the ground-state coherence and produces beating map signals at exactly the vibrational frequencies of the modes (excitation of the Raman modes in the ground electronic state). ESA arises due to excited-state coherent motion, but both ESA and GSB contributions can be found in the same maps, since coherences with frequencies very close to those of the ground-state vibrational modes are found in the excited state (see Supplementary Fig. S4 ).
Let us first identify the GSB contribution to the beating maps. E cient Raman scattering is expected for the strongest transition at ! ex = 1.83 eV for all modes considered (cf. Fig. 3 in the main text). In the simulations, this state is of 86% singlet character (state 5), and the corresponding GSB pathway (with |ei = |e 0 i = | 5 i in the GSB diagram, Supplementary Fig. S6 ) results in peak 1 in the non-rephasing (NR) maps, and in peaks 2a, 2b, 2c in the rephasing (RP) maps. State |gi in Supplementary Fig. S6 denotes the initial, vibrational ground state, and |g 0 i corresponds to the excitation of one vibrational quantum (the system is in a vibrational coherence in the electronic ground state in the evolution time) in one of the modes considered. Peak 1 in the NR maps has the same location for all modes: its excitation and probe frequencies correspond to the transition at 1.83 eV. In the RP maps, the location of the GSB peak depends on the mode frequency ⌦ (see rephasing GSB diagram in Supplementary Fig. S6 ), the peaks 2a, 2b, 2c are found at ! ex = 1.83 eV and ! pr = ! ex ⌦, i.e., at ! pr ⇡ 1.8, 1.68 and 1.65 eV, respectively. Some additional GSB peaks are resolved at frequencies higher than 1.83 eV, they can be explained as Raman process involving the state 7, these finer features on the edge of the experimental bandwidth will be explored elsewhere.
The GSB contribution would have been detected even in the absence of the coupling between singlet and multiexciton triplet states. As for the ESA contribution, it arises due to triplet-triplet absorption and represents, therefore, the probe of the fission process. Its coherent (oscillatory) component reflects the excited-state coherences. In the simulations these coherences are between the states of primarly |T T i character (1-2, 1-8
Supplementary Figure S7 : Experimental and simulated beating maps of modes 265 cm 1 , 1170 cm 1 and 1360 cm 1 . and 1-11, Supplementary Fig. S4 ) and beat at frequencies very close to that of the vibrational modes, that is why ESA and GSB contributions are found in the same maps. The peaks 3, 4a, 4b, and 4c in Supplementary  Fig. S7 arise from ESA diagrams (Supplementary Figure S6 ) with |ei = | 1 i, |e 0 i = | 2,8,11 i. The excitation frequency of these peaks corresponds to the very weak transition at ! ex = 1.72 eV. This absorption frequency is expected for the multiexciton |T T i state, but the transition has never been directly resolved experimentally. Its resolution in the beating maps becomes possible due to very strong ESA process from the |T T i state to |T T n i state. In our model, the transition at 1.72 eV corresponds to the lowest eigenstate | 1 i, it is of 95% |T T i character. For this state, the transition dipole from the ground state is nonzero due to the weak S-state contribution, but too weak to resolve the transition in the linear absorption. In the beating maps, the weakness of this transition is compensated by very strong ESA dipoles to the higher triplet states. The probe frequency ! pr of ESA peaks is determined by the location of the absorbing |T T n i state. As predicted by Feynman diagrams, it is the same in the rephasing maps of all modes (peak 3, ! pr = 1.88 eV), but it is lowered by the mode frequency ⌦ in the NR maps (peaks 4a, 4b, and 4c) as compared to the ! pr of peak 3. This predicted redshift shift of the probe frequency agrees very well with the experimental data, particularly in the 1170cm 1 and 1360cm 1 maps. Note, that although the amplitudes of coherences 1-2, 1-8 and 1-11 in Supplementary Fig. S4 are alike, the intensity of ESA peaks in the map of the 265cm 1 mode is much weaker than that of the high-frequency modes. The reason is that the transition dipoles from the ground state are much stronger for the states | 8 i and | 11 i as compared to the state | 2 i (Supplementary Figure S2a ).
S.1.6 Distinguishing between GSB and excited state coherences
During the evolution time, T, oscillations can occur with either positive or negative frequencies. Here we show that by inspecting the sign of the oscillation frequency, we can assign whether the peaks correspond to signals which evolve on the ground or excited state during the evolution time. This method has already been proposed and exploited in the literature [23, 24, 25] .
In order to distinguish whether the sign of the oscillation frequency at a particular peak position is positive or negative, we take the Fourier transform of the complex valued data over the evolution time, T, according to:f
where f (T ) is the complex valued signal at a specific point in the 2D spectrum (note that throughout the rest of this work the Fourier transform is taken over the real valued data). Using the complex valued data allows us to distinguish between positive and negative oscillation frequencies. In the Feynman diagrams, a positive frequency means that during the evolution time the state on the 'ket' side is at a lower energy than the state on the 'bra' side (e.g. |gi hg 0 |, where ' denotes the vibration) and vice-versa for a negative frequency (e.g. |g 0 i hg|) [23] .
We consider four specific points in the 2D spectrum, which correspond to the positions of the four strongest peaks in the ! T = 1360 cm 1 beating maps, namely the points (! ⌧ , ! t ) = (13870, 15015) cm 1 and (14765, 13401) cm 1 in the rephasing spectrum and (14765, 14762) cm 1 and (13870, 13655) cm 1 in the non-rephasing spectrum. The 1360 cm 1 beating maps are shown for convenience in Supplementary Fig.  S8 , with the points discussed above labelled from 1-4. The Fourier transforms of the complex valued 2D signal at these points over the evolution time are shown in Supplementary Fig. S9 .
Note that the Fourier transforms of the complex valued signals at the positions corresponding to the peaks in the 1170 cm 1 beating map show exactly the same pattern of peaks at 1170 cm 1 as we observe in Supplementary Fig. S9 at 1360 cm 1 . This is expected since the origins of the peaks (GSB and ESA) are the same in both the 1170 cm 1 and 1360 cm 1 beating maps. In fact, peaks at 1170 cm 1 can also be observed in Supplementary Fig. S9 due to the close proximity of the 1170 and 1360 cm 1 peaks.
S.1.6.1 Rephasing
From the Fourier transforms in Supplementary Fig. S9 , the rephasing upper cross-peak has a prominent peak at 1360cm 1 in the Fourier transform, whilst the rephasing lower cross-peak has a prominent peak at +1360cm 1 .
The Feynman diagrams for the peaks are shown in Supplementary Fig. S10 . As observed experimentally, the sign of the oscillations is negative for the upper cross-peak (because the 'ket' state has a higher energy than the 'bra' state) and positive for the lower cross-peak. Note that if the upper cross-peak came from GSB, the sign of the oscillations would be positive and we would also see a peak in the Fourier transform at +1360cm 1 . The absence of this peak means that we can unambiguously assign this signal to excited state coherences and rule out the possibility of significant GSB.
S.1.6.2 Non-rephasing
Similarly, the non-rephasing upper diagonal peak has a prominent peak at 1360cm 1 in the Fourier transform. Meanwhile the non-rephasing lower (near) diagonal peak has a prominent peak at +1360cm 1 . From the Feynman diagrams in Supplementary Fig. S10 , the sign of the oscillations is negative for the upper diagonal peak and positive for the lower diagonal peak, as observed experimentally. This is inline with our assignment that the upper diagonal peak arises from GSB, whereas the lower diagonal peak arises from excited state coherences. 3) 1)
4) 2)
Supplementary Figure S9 : Fourier transforms of the complex valued signals at the four points in the 2D spectrum labelled in Supplementary Fig. S8 .
|TT'><TT'| | T n ><TT'| |TT ><TT'| |TT>< g | | g >< g | ESA S.2.7 2D response at high photon energy excitation/probe (from 2 to 2.4 eV)
To confirm the results and their interpretation obtained in the excitation/probe range of 1.6 1.95 eV we have performed complementary 2D measurements of pentacene films in the region between 2 and 2.4 eV. The absorption spectra of pentacene (Supplementary Figure S17) demonstrates a clear absorption peak associated with a transition to one of the singlet exciton states, which we notate as S HE . It is also know from previous studies [27] that performing the experiment with a tilted film allows detection of a triplet ESA transition at 2.3 eV, which opens the opportunity to track the fission process and potentially resolve the vibronic coherence in the multiexciton state.
Supplementary Figure S18 presents 2D absorptive spectra of 60-degree tilted [27] pentacene film at 80 fs and 900 fs evolution times. While time resolution of the experiment was ⇠ 12 fs, the 2D spectra at evolution times below 80 fs were contaminated by a strong scattering signal and excluded from analysis. At early evolution times, the response is dominated by the GSB signals coming from the main absorption peak at 2.15 eV and a smaller absorption peak at 2.26 eV. This GSB signal is steady in time as seen in the kinetics presented in Supplementary Fig. S19 . This is expected, as both singlet and triplet excitons are bleaching the ground state to singlet transition and the GSB response should persist over the entire lifetime of the photoexcited species. In contrast to the 2D data at the lowest singlet energy (1.83 eV) no SE contribution to the observed spectra can be found, as the high energy singlet states have many extra ultrafast relaxation channels, in addition to singlet fission, and this signal vanishes within our time resolution. A slight ⇠ 300fs increase is likely to be associated with a minor heating contribution [28] . At the same time, a strong ESA signal builds up at a rate of 90 fs in the 2.30 eV region ( Supplementary Figures S18 and S19) . Based on previous studies [27] , we associate this signal with the transition to a higher-lying triplet state.
These new data are in perfect agreement with previous studies as well as with the measurements in the 1.6 1.95 eV range. They confirm that fission occurs on the timescale of 90(87) fs and that the long-lived ESA features observed at 2.3 eV, 1.9 eV, and 1.7 eV all correspond to the transitions between the triplet excited states. 
S.2.8 Beating maps for the high photon energy excitation data
Here we discuss the evolution time dynamics for the data obtained at high photon excitation energy. Due to high scattering in this energy region, the quality of the data is worse than the data obtained at lower energies, however certain trends can still be observed.
We plot the integrated spectrum of evolution time oscillations observed in the data in Supplementary Fig. S20 . As before, we observe oscillations at 265, 1170 and 1360cm 1 . The oscillations at 1170 and 1360cm 1 are the strongest and we plot the corresponding beating maps in Supplementary Fig. S21 .
In each beating map, we observe single peaks with excitation energies corresponding to the energy of the S 0 to S HE transition, but which have lower emission energies in the non-rephasing beating maps than in the rephasing beating maps. The di↵erence between the emission energies roughly matches the energy of the vibration (i.e. 1170 or 1360 cm 1 ). This change in emission frequency between the rephasing and nonrephasing maps indicates that the oscillations arise from vibrational coherences in an excited state during the evolution time. The opposite pattern is expected for ground state bleach signals, see discussion in Section S.1.6 for more details (the di↵erent peak pattern expected for ground state bleach also been discussed in the literature, see for example [22, 29] ). The peak pattern resembles that of peaks 3 and 4 in Figure 5a of the main text.
To further test this assignment, in Supplementary Fig. S22 we inspect the sign of the Fourier transforms taken at specific points within the peaks of the beating maps. The sign of the oscillations is negative in the rephasing spectrum peak and positive in the non-rephasing spectrum peak, which rules out the possibility of ground state bleach (see Section S.1.6). Therefore we conclude that we observe excited state coherences during the evolution time. Moreover, the probe energy we observe is around the energy of known triplet ESA transitions [27] (at about 18500 cm 1 , leading to emission at 18500 cm 1 in the rephasing map and 18500 cm 1 ! in the non-rephasing map), suggesting that the excited state coherences evolve on the triplet state during the evolution time. The model of Section S.1.2 provides a mechanism for these spectroscopic 1170cm -1 : 1370cm -1 :
Supplementary Figure S22 : Fourier transforms of the high photon energy excitation data over the evolution time at the points indicated in the 2D spectra.
signatures of triplet coherence, which we also observed and explained in Section S.1.4.
S.2.9 Cross-polarisation data
In order to further test our model, we performed additional 2D spectroscopy experiments using a crosspolarisation sequence, where the polarisation orientation of pulses one to four was chosen to be ⇡/4, ⇡/4, ⇡/2 and 0 respectively (this is in contrast to the all parallel polarisation pulse sequence employed throughout the rest of this work). This cross-polarisation sequence only allows signals to be observed if the transition dipole moments of the states excited by the first and second pulses have di↵erent orientations [30] . This means that signals of purely vibrational origins are suppressed. This technique comes from 2D IR spectroscopy [31] and has already been used to distinguish signals with electronic and vibrational origins in 2D optical spectroscopy; see for example [30, 32] .
We plot the integrated spectrum of evolution time oscillations observed in the data in Supplementary Fig.  S23 . Notice that we obtain two high frequency peaks, at around 1170 and 1360 cm 1 , as observed in the data with all-parallel pulse polarisations. However, we no longer observe a peak at 265 cm 1 . This suggests that the signals observed in the 265 cm 1 beating map are purely vibrational (mainly on the ground state) in origin and are therefore suppressed by the cross-polarisation sequence, whilst the signals observed in Supplementary Figure S23 : Integrated spectrum of evolution time oscillations observed in 2DES crosspolarisation data.
the higher frequency beating maps have mixed vibrational and electronic origins (in the excited state). This supports our proposed model, as vibrational excitations of the 265 cm 1 mode on the mutliexcitonic state are far from resonance states with the singlet exciton and cannot e↵ectively participate in vibronic singlet-multiexciton state mixing.
The corresponding high frequency beating maps are plotted in Supplementary Fig. S24 . We observe similar peak patterns to those in Figure 5a of the main text. The peaks which absorb at ! ⌧ ⇡ 1.72eV (the energy of the multiexciton state, TT) are known to arise from ESA and evolve in a vibrational coherence on the multiexciton TT state during the evolution time (see discussion in Sections S.1.5 and S.1.6 above). The fact that these signals survive the polarisation sequence suggests that the multiexciton state with no vibrational excitations (TT) and the vibrationally excited multiexciton state (TT') have transition dipole moments with di↵erent orientations due to di↵erent amounts of mixing with the singlet state. This supports our model that the high frequency vibrations allow for mixing between the singlet and multiexciton states.
